The requirement for more effective cryopreservation (CP) methodologies in support of the emerging fields of cell bioprocessing and cell therapy is now critical. Current CP strategies appropriately focus on minimizing the damaging actions of physicochemical stressors and membrane disruption associated with extra-and intracellular ice formation that occurs during the freeze-thaw process. CP protocols derived from this conceptual paradigm, however, yield suboptimal survival rates. We now provide the first report on the identification of delayed-onset cell death following CP and the significance of modulating molecular biological aspects of the cellular responses (apoptosis) to low temperature as an essential component to improve postthaw outcome. In this study we quantitatively examined the molecular basis of cell death associated with CP failure in a canine renal cell model. In addition, we report on the significant improvement in CP outcome through the modulation of these molecular mechanisms by the utilization of an organ preservation solution, HypoThermosol  . Further, the utilization of HypoThermosol  as the preservation medium and the modulation of molecular-based cell death have led to a paradigm shift in biologic preservation methodologies. The recognition of molecular mechanisms associated with CP-induced cell death offers the promise of improved CP of more complex and/or fragile biological systems such as stem cells, engineered tissues, and human organs.
INTRODUCTION
NGF, VEGF, and EGF) and free radical scavengers (including vitamins E and C, and DMSO) have led to an improvement in CP efficacy (1, 5, 14, 21, 24) . Significant The success of cryopreservation has been due, in part, to the development of protocols that limit intracellular improvements in cryopreservation outcome were achieved as a result of these studies. Despite these advancements, ice formation, cellular volume excursions, and cryoprotectant toxicity while providing optimal cooling rates. In however, a significant number of cells die following the freeze-thaw process (1) . This cellular loss is substantial 1949, Polge et al. reported on the successful cryopreservation (−79°C) of spermatozoa using 5-20% glycerol in preserved, homogeneous cell suspensions and even greater as the system undergoing preservation increases (36). Later, Lovelock and Bishop identified the beneficial effects of dimethyl sulfoxide (DMSO) in cryopres-in complexity (i.e., tissues and organs) (34). Critical to these advances has been the elucidation of ervation (23) . In the following years, methodological improvements led to the widespread expansion of the the mechanisms by which cells are protected during the freeze-thaw excursion. While these advances have fo-cryopreservation sciences. Studies into the effects of cooling rate (slow vs. rapid), type of cryoprotective cused primarily on the physical/chemo-osmometric protection afforded cells undergoing cryopreservation agent (CPA) (i.e., glycerol, DMSO, ethylene glycol, etc.) and concentration, cryoprotective agent formula- (20, (26) (27) (28) (29) , consideration of cellular physiology and biochemistry in the cryopreservation sciences has not tions (single vs. multiple agents), serum concentrations (0-<50%), thaw rates (slow vs. rapid), dilution proce-typically played a role in the development of preservation strategies (1, 2, 22) . Recent recognition of this fact dures (single-step vs. serial), etc., were undertaken in attempts to improve postthaw survival (9,10, 18,25,27, has led to a series of preliminary investigations into improving CP efficacy through attempts at modulating cel- 28, 30, 35, 37, 38, 42, 43, 51) . Additionally, investigation into the incorporation of trophic factors, (including albumin, lular and biochemical parameters during CP (1, 5, 14, 562 BAUST ET AL. 21, 24) . With the goal of the cryopreservation sciences dium. The adherent monolayer of cells (ϳ95% conflubeing that of initiating temperature-dependent physioence) was detached from the bottom of the T-flask with logical arrest of cellular function, an understanding of the addition of 4.0 ml of 1% trypsin (Sigma Chemical the cellular responses to the freeze-thaw excursion may Co., St. Louis, MO) and 5 mM EDTA (Sigma) for 10 provide clues to elevating the "survival cap"-defined min at 37°C. After the 10-min incubation period, 14.0 as the level beyond which elevated CPA concentrations ml of growth medium was added to the cell suspension fail to provide added protection. Reports of postthaw to inhibit trypsinization. The cell suspension was disurvival estimates ranging between 20% and 90% are vided equally (ϳ5 × 10 5 cells per treatment), and the not uncommon within a single cell type and are based cells were pelleted at 500 × g for 6 min. The trypsin/ typically upon indiscriminate quantitative assays (dye EDTA/medium supernate was decanted, and the cell exclusion, nuclear counts, etc.) performed within 1 h of pellet was resuspended in 1.0 ml of the appropriate cryothawing (14, 21, 22) . Postthaw assessments of cryoprespreservation solution at 10°C. Cells were allowed to ervation outcome in this manner tend to yield overequilibrate in their respective solutions for 10 min. The estimates in survival due to both apoptotic and necrotic cryopreservation solutions consisted of various derivaprocesses contributing to cell death following cryoprestives of DME containing DMSO (Sigma), HTS (BioLife ervation (1, 2) .
Solutions, Inc., Ewing, NJ), or CryoStor TM (HTS con-In view of the recent reports on the role of genetaining DMSO) (BioLife Solutions, Inc.) with or without regulated cell death (apoptosis) associated with cryo-10 µM caspase I inhibitor V (Calbiochem, La Jolla, preservation (1,2), we formulated and tested the hypoth-CA). All cryopreservation solutions used in this study esis that apoptotic cell death contributes significantly to were serum free. The components of HTS have been delayed-onset cell death associated with CP failure. In reported elsewhere (47, 48) . addition, reports on the improvement of CP efficacy Cells suspended in respective cryopreservation soluthrough the incorporation of an intracellular-like presertions were placed into cryovials (1.0 ml) and frozen in vation medium, HypoThermosol  (HTS), led us to ina standard two-step process in which the cell suspenvestigate the role of delayed-onset cell death and associsions were exposed to −20°C for 1.5 h and then transated apoptosis following CP in HTS-based CP solutions. ferred to −80°C for a subsequent 1.5-h period. Cryovial To this extent, we report on a reduction in delayed-onset temperatures were monitored each minute by surfacecell death following the incorporation of HTS as the crymounted thermocouples, yielding a cooling rate of 0.8°C oprotective carrier solution. The data presented support min −1 from −2°C to −20°C. Equilibration (ϳ30 min) at the hypothesis that the cell type-specific CP "survival −20°C was necessary to ensure that cells reach osmotic cap" can be extended by manipulating levels of apopequilibrium with the freeze-concentrated media. Followtosis. Even when cryopreservation protocols are "optiing equlibration, cryovials were cooled at ϳ0.8°C min −1 mized," however, unknown factors remain that limit surto −80°C and then quenched and stored in liquid nitrovival to less than 100%. gen. Following storage, cells were rapidly thawed in a 37°C water bath for 4 min while being gently agitated MATERIALS AND METHODS to achieve uniform thawing. A one-step dilution (1:12) Cell Culture in growth medium was performed and the resulting cell Madin Darby Canine Kidney (MDCK) cells were obsuspension was divided into 150-µl aliquots, placed in tained from American Type Culture Collection (Rockseparate wells of a Falcon 96-well plate, and incubated ville, MD). Cultures were maintained at 37°C, 5% CO 2 / at 37°C, 5% CO 2 /95% air. Growth medium was replen-95% air in a growth medium consisting of Eagles verished in the cultures at the 12-, 24-, and 48-h intervals. sion of Dulbecco's minimal essential medium (DME) (Life Technologies, Gaithersburg, MD) fortified with Viability Assessment 10% fetal calf serum (Atlanta Biological Inc., Atlanta, Postthaw cell viability was determined both qualita-GA) and 1% penicillin/streptomycin (Life Technologies, tively and quantitatively through visualization using Gaithersburg, MD) in Falcon 75-cm 2 T-flasks. Cells fluorescent and light microscopy (cellular counts). were subcultured every 6 days (ϳ95% culture conflu-Quantitative assessments of cell number were accomence) and replenished with new growth medium every 3 plished using SytoDye-24 TM , a fluorescent nuclear DNA days. All experimentation was preformed using MDCK stain (Molecular Probes, Eugene, OR), diluted 1:1000 in cells between passage 62 and 74.
Hanks balanced salt solution (HBSS) (Sigma) without Cryopreservation Protocol phenol red. Identification of living, apoptotic, and necrotic cells was accomplished using the Annexin V-Twenty-four hours prior to freezing, the cell culture medium was replaced with 12.0 ml of fresh growth me-FITC/PI assay (Pharmingen, San Diego, CA).
SytoDye-24 TM Analysis. After 1-, 6-, 12-, 24-, and 48-Caspase-3 Activity Analysis h recovery periods, experimental cultures were removed Cell samples (detached and adherent) were collected from the incubator, plates centrifuged at 500 × g for 10 separately at 0, 6, 9, 12, 15, 18, 21, 24, 30, and 36 h min (Sorvall Super T21 centrifuge), the supernate depostthaw via trypsinization, pelleted at 1000 × g for 10 canted, and 100 µl of SytoDye-24 TM solution (1:1000 in min, flash frozen in LN 2 , and stored at −80°C. Samples HBSS) was added to each well. Following the SytoDye were thawed and lysed (10 min) on ice using chilled addition, plates were incubated for 1 h at 37°C. After ApoAlert Caspase Fluorescent Assay cell lysis buffer the 1-h incubation period (±1.0 min), cell number was (Clontech, Inc., Palo Alto, CA). Samples were centridetermined quantitatively via cell counts using fluoresfuged at 14,000 × g for 3 min at 4°C. Following centrifcent microscopy (Zeiss Axiovert 100 with a Chroma ugation, the supernatant was transferred to clean centri-FITC/PI dual wavelength filter). Counts were verified fuge tubes and kept on ice. Protein extracts were using a fluorescent plate reader (Cytoflor 2350, Persepquantified via standard bicinchoninic acid (BCA) protive Biosystems, Cambridge, MA) with a 485 nm excitatein assay procedure (Pierce, Inc., Rockford, IL). Foltion and 530 nm emission filter set. For the purpose of lowing quantification, 50 µg of protein from each this study, SytoDye-24 TM -based cellular counts will be sample was aliquoted into individual wells of a Falcon referred to as "intact cells" (Table 1) . 96-well plate and an equal volume of 2× reaction buffer (with 10 mM DTT) was added to each well. Caspase-Annexin V-FITC/PI Analysis. After 1-, 6-, 12-, 24-, 3 substrate was added to each sample well to a final and 48-h recovery periods, experimental cultures were concentration of 50 µM. Sample plates were incubated removed from the incubator and assessed for the number in a 37°C H 2 O bath for 60 min (1 min). After the 1-h of apoptotic and necrotic cells present in the samples incubation, samples were analyzed for caspase-3 activity using Annexin V. Sample plates were removed from the using a fluorescent plate reader (Cytoflor 2350, Persepincubator and centrifuged at 500 × g for 10 min. The tive Biosystems) with a 380 nm excitation and 530 nm supernate was then gently decanted and 100 µl of cold emission filter set. Postthaw caspase-3 activity readings (4°C) PBS was added to each well to wash the cells.
were normalized to prefreeze controls (base level activ-Samples were again centrifuged at 500 × g for 10 min, ity = 1). the supernate decanted, and 20 µl of Annexin V solution {1.6 µl of Annexin V-FITC [buffered in 50 mM Tris, Data Analysis pH 8.0, 80 mM NaCl, 1 mM EDTA, 0.09% sodium Cell numbers were converted to percent (±SEM) azide, and 0.02% BSA (Pharmingen)], 1.6 µl propidium based upon "intact" noncryopreserved experimental coniodide [50 µg/ml in 1× PBS (Pharmingen)], and 16.8 µl trols (37°C) at each respective time interval. Calcula-1× binding buffer [10 mM HEPES/NaOH, pH 7.4, 140 tions of significance were determined using a t-test: two mM NaCl, 2.5 mM CaCl 2 (Pharmingen)]} were added tailed with equal variants. p-Values are reported in text. to each sample well. Sample plates were then incubated Each reported experimental condition represents an N ≥ at room temperature in the dark (30 min) on a rocker 16 experimental replicates. table. Following incubation, 65 µl of 1× binding buffer (Pharmingen) was added to each sample well, plates RESULTS centrifuged at 500 × g for 10 min, and sample wells ex-Delayed-Onset Cell Death: Extracellular-Based Media amined and photographed under a fluorescent microscope. Cells staining positive for Annexin binding only Time course determinations of cell survival following (green fluorescing membranes) are defined as "apop-CP were performed on samples preserved following a totic," those staining positive with propidium iodide (red standard protocol (media + 5% DMSO, slow cooling, fluorescing nuclei) as "necrotic," and nonstained cells as rapid warming) ( Fig. 1 ). Cell survival was evaluated over a 48-h postthaw period to determine the extent of "living" (Table 1) . delayed-onset cell death associated with the CP proce-to the continued apoptotic and necrotic events within the sample populations, 24-h postthaw samples revealed dure. Postthaw survival analysis using SytoDye-24 (nuclear count assay) revealed a population of surviving, substantial decreases in both intact (p < 0.001) and living (p = 0.002) populations from 12 h (2.4-fold de-"intact" cells (92.2% vs. controls) 1-h postthaw (p = 0.04), which declined to 27.4% over the following 24-h crease) ( Figs. 1 and 2, respectively) . Twenty-four-hour postthaw analysis yielded 27.4% intact and 12.3% living period (p < 0.001). A subsequent increase in cell number at 48 h reflected culture repopulation (p = 0.04). The cells. Necrotic and apoptotic levels continued to decline at 24 h to 9.1% (p < 0.001) ( Fig. 3) and 10.0% (p = 92.2% survival level at 1 h postthaw was consistent with prior reports on MDCK cell survival (1, 13, 41) . The 8% 0.004) (Fig. 4) , respectively. However, these levels continued to remain elevated in comparison with controls (p difference between control and experimental sample's loss of "intact" cell number at 1 h postthaw (p = 0.04) < 0.004). Following 48-h postthaw, culture repopulation was observed through an increase in intact and living was attributed to ice-related cell rupture following the freeze-thaw process. The continued decline in cell num-cell numbers [51.8% (p = 0.004) and 44.6% (p < 0.001), respectively]. ber reached a nadir in cell survival at 24 h postthaw. The substantial decline in cell number over the first 24
Intracellular-Type Preservation Solution Studies h postthaw (3.1-fold decrease) (p < 0.001) warranted examination into the cause of this decline. With the recent Previous reports on the improvement of cryopreservation outcome through the utilization of an intracellu-identification of the phenomenon of cryopreservationinduced apoptosis (1), the current studies were under-lar-type preservation medium, HTS (serum free) (1,2), led us to investigate the postthaw cell death mechanisms taken to further investigate the molecular mechanisms of cell death associated with cryopreservation failure. associated with this preservation regime. We hypothesized that cells preserved in HTS would experience re-Annexin V analysis of postthaw samples resulted in the identification of three distinct subpopulations of cells duced hypothermic stress during the freeze-thaw interval and therefore exhibit lower levels of delayed-onset within the "intact vival was significantly elevated (p = 0.007) ( Fig. 1) . HTS-preserved samples demonstrated a pattern of de-( Figs. 1 and 2) . This difference was due to 28.9% of the "intact" cells undergoing necrotic cell death (p < 0.001) layed-onset cell death similar to media + DMSO samples. Analysis of the percent living cells within the HTS (Fig. 3 ) and 11.8% undergoing apoptotic cell death (p < 0.001) ( Fig. 4) , which all differed significantly from that samples at the various time points confirmed sample preservation equivalent to that of media + DMSO (p = of nonfrozen controls (p < 0.001). Continued evaluation of the samples 6 h postthaw showed a substantial de-0.07) ( Fig. 2 ) and, as with media + DMSO, there was a significant difference between intact populations and crease (1.2-fold) in the intact population [92.2% to 74.2% (p = 0.003)] (Fig. 1 ). With the observed decrease living populations at each respective time point up to 24 h (p = 0.002) ( Figs. 1 and 2) . The levels of apoptosis of intact cells, there was a corresponding twofold decrease in the overall living cell population from 50.1% and necrosis following cryopreservation in DMSO-free HTS exhibited the same pattern and level as the media (1 h) to 25.3% at 6 h (p = 0.002) (Fig. 2) . The decrease in cell number was flanked by an increase in the necrotic + DMSO samples (p = 0.3), with necrosis peaking at 6 h and apoptosis peaking at 12 h postthaw (Figs. 3 and 4, population: 28.9% to 34.7% (p = 0.009) (Fig. 3) . Apoptotic activity, however, remained approximately 12% (p respectively). The DMSO (5%) containing HTS variant, CryoStor TM CS 5, substantially increased overall cell > 0.05), significantly higher than controls (p = 0.004) ( Fig. 4) . Continued analysis 12 h postthaw revealed a survival in comparison with both HTS and media + DMSO [p < 0.001 at 24 h ( Fig. 1) ]. Sample analysis minimal change in both intact and living cell populations within the samples (p = 0.77 and p = 0.5, respec-demonstrated a significant increase in both intact and living cell numbers postthaw at all time points (p < tively) ( Figs. 1 and 2) . Despite the apparent plateau in cell number, further analysis demonstrated a significant 0.001) except in intact cell number 1 h postthaw [p = 0.4 ( Figs. 1 and 2) ]. Postthaw apoptotic and necrotic change in necrotic (29.1%) and apoptotic (18.5%) cell populations ( Figs. 3 and 4, respectively) . In comparison levels were significantly reduced from that of media + DMSO and HTS at all time points through 24 h (p < with the 6-h interval, there was a 1.1-fold decrease in necrosis [34.7% to 29.1% (p = 0.009)] and a 1.4-fold 0.001) ( Figs. 3 and 4) . The increase in postthaw survival in the CryoStor TM CS 5 samples was primarily due to increase in apoptosis [13.3% to 18.5% (p = 0.002)]. Due Delayed-Onset Cell Death Modulation Studies decrease (p < 0.001)] (Fig. 3) . Despite the substantial
In an effort to modulate the time course and extent of decrease in apoptotic and necrotic levels, the pattern of apoptotic-dependent delayed-onset cell death following delayed death activity, within the CryoStor TM CS 5 samcryopreservation, a specific apoptotic protease inhibitor ples, remained consistent with that of media + DMSO.
(AI), caspase-1 inhibitor 5, was incorporated into both HTS-based (+/− DMSO) cryopreservation solutions.
Protease Activity Studies
Caspase-1 inhibition was selected based upon previous To further substantiate the role of the apoptotic proreports on the benefit of incorporation of this protease cess contributing to delayed-onset cell death following inhibitor in improving CP outcome (1,2) as well as recryopreservation, apoptotic protease (caspase-3) activity ports on the reduction in overall caspase activity, specifwas examined in samples cryopreserved in CryoStor TM ically caspase-1, following exposure to caspase-1 inhibi-CS 5. Postthaw analysis revealed a 3.5-fold increase in tor V (11,12,32). We hypothesized that the inhibition of caspase-3 activity immediately following thawing in the enzyme caspase-1, an upstream caspase involved in comparison with nonfrozen controls (p = 0.002) (Fig. 5) .
caspase-3 activation associated with membrane surface Time course analysis revealed subsequent elevations in receptor-mediated apoptosis (33) , would increase overall caspase-3 activity most notably at 6 h (fourfold) and 21 sample postthaw survival through the inhibition of cryoh (5.5-fold) postthaw (p = 0.003) (Fig. 5) . Continued preservation-induced apoptosis. Additionally, caspase-1 analysis revealed a decline in this protease activity at 24 inhibition was selected over that of caspase-3 inhibition h postthaw from that of 21 h (p = 0.002) and a return to in attempt to modulate the extent of delayed-onset cell that of nonfrozen control activity by 36 h postthaw (p = death prior to downstream execution phase apoptotic 0.92). The determination of an overall peak in caspasecommitment by caspase-3 activation (4,12,33). Inhibitor 3 activity around the 21-h postthaw time point correaddition to HTS (DMSO free), HTS + AI, resulted in a sponded with the time course-based 12-h peak in phosslight improvement in cell survival at 24 h postthaw phatidylserine inversion (Annexin V) and the apparent 24-h nadir in cell survival.
over that of HTS samples [1.2-fold increase (p = 0.017)] ( Figs. 1 and 2) . As with the other solutions, the 24-h The observed improvement in cell survival following the incorporation of a caspase inhibitor into HTS-based time point remained the nadir in MDCK cell survival. The observed improvement in survival resulting from preservation solutions warranted a dose-response investigation into the effect of caspase-1 inhibition on postthaw inhibitor inclusion was due to a decrease in Annexin Vbased postthaw apoptotic levels at 6 h (p = 0.009) and survival. Evaluation of "living" cell survival was performed at the previously identified survival nadir (24 h 24 h (p = 0.003) (1.5-and 2-fold decrease, respectively) ( Fig. 4) , and a 1.2-fold decrease in necrosis at 6 h (p = postthaw). Preservation of MDCK cells in HTS + AI with 25-100 µM caspase 1 inhibitor V yielded an improvement 0.009) ( Fig. 3) in comparison with HTS preserved samples. The Annexin V-based time course of apoptosis and in survival (Fig. 6 ). Elevation in caspase-1 inhibitor V concentration (5-10 µM) in HTS and CryoStor TM CS 5N necrosis was not altered by the inclusion of the protease inhibitor. Cryopreservation of samples in CryoStor TM CS resulted in cell survival of ϳ33% (±2.0) and ϳ79% (±2.5), respectively (Fig. 6) . Analysis of the dose response 5N (HTS + DMSO + AI) resulted in improved postthaw survival compared with all other solutions investigated revealed no significant improvement in cell survival following cryopreservation in either HTS + AI or CryoStor TM (Figs. 1 and 2) . The 24-h interval remained the low point in survival; however, both intact and living cell numbers CS 5N with caspase-1 inhibitor V concentrations ranging from 25 to 100 µM (p ≥ 0.09) over that of HTS + AI or demonstrated significant overall improvement over samples preserved in CryoStor TM CS 5 [1.2-fold increase CryoStor TM CS 5N, respectively. (Fig. 6 ). (p = 0.005)]. This enhancement in cell survival over DISCUSSION CryoStor TM CS 5 was, as with HTS + AI over HTS, most probably due to a reduction in apoptosis within the sam-Analysis of cryopreservation outcome typically relies on sample assessment immediately after thawing with ples [1.5-fold decrease (p > 0.008)] most notably at 12 h postthaw (p = 0.002) (Fig. 4) . There was no significant standard dye exclusion and nuclear counting assays (1, 5, 21, 22) . Previously, we reported on the discrepancy change in necrotic levels following inhibitor addition to the cryopreservation solution (p = 0.06) ( Fig. 3) .
in survival resulting from these assays due to their non- specificity as well as apoptotic and necrotic events con-based cryopreservation solutions. We hypothesize that the benefits of HTS as the cryopreservation carrier solu-tributing to cell death following cryopreservation (1, 2) . In this study we examined and quantified the extent and tion is related to the ability of the solution to reduce the level of hypothermic-based sublethal stresses experi-time course of delayed-onset cell death following cryopreservation as well as determined the role that both enced by cells during the freeze-thaw process (1, 8, 44, 45) . These sublethal stresses, often associated with cel-apoptosis and necrosis play in cryopreservation failure. Based upon the time course postthaw analysis of cryo-lular hypothermia and cryopreservation, include, but are not limited to, oxidative stress, adenylate depletion, free preserved MDCK cells, we conclude that the contributing factors to the observed delayed decline in cell num-radical production and accumulation, uncoupling of biochemical pathways, cellular dehydration, and nitric ox-ber following cryopreservation over the first 24-h period was due to the combination of delayed-onset necrotic ide upregulation, and their accumulation has been shown to initiate apoptosis in a variety of cellular systems and apoptotic cell death. Based upon Annexin V analysis, necrotic activity was observed to peak 6 h postthaw (4,6,15,17,19,39). Based upon these reports, a reduction in the sublethal stresses associated with cryopreservation while apoptotic cell death peaked at 12 hours postthaw. Both forms of delayed-onset cell death (apoptosis and should therefore manifest as a reduction in the extent of delayed-onset cell death (apoptosis and necrosis) in necrosis) returned to control levels at 48 h.
Previously, we have also reported on the benefits of comparison to standard cryopreservation strategies resulting in an overall increase in postthaw cell survival. the HTS (47,48) series of preservation solutions (with and without DMSO) on improving cryopreservation
The combination of HTS and DMSO facilitated enhanced preservation efficacy over that of media with outcome in both cellular suspensions (1) and in an engineered human skin equivalent (2). Based upon the DMSO and HTS (DMSO free). We speculate that the reduction in necrotic cell death in the CryoStor TM CS 5 elucidation of the phenomena and time course of delayed-onset cell death influencing postthaw survival in samples was due to a combination of cellular protection afforded by both the presence of the DMSO (an osmo-media-based preservation regimes, we investigated the role of delayed-onset cell death following CP in HTS-metric cryoprotectant and a hydroxy-radical scavenger) (9,10,25,46,50) as well as the HTS-based CP solution Despite the increase in overall postthaw survival through apoptotic inhibitor inclusion in both HTS and (through reduction of cellular sublethal stress) (1) . While the utilization of CryoStor TM CS 5 as the preserva-CryoStor TM CS 5, there still remained a significant level of apoptosis contributing to cryopreservation failure. We tion medium increased preservation efficacy, a significant level of both postthaw apoptosis and necrosis per-speculate that the remaining apoptotic cell death was not affected by the specific inhibitor utilized due to multiple sisted, yielding continued delayed-onset cell death as evident by both elevated annexin V and caspase-3 prote-extrinsic and intrinsic apoptotic induction pathways evident during the freeze-thaw process that do not rely on ase activity. We hypothesized that the initial elevation (6 h) in caspase activity observed immediately following caspase-1 as a proteolytic messenger enzyme (2,15, 31, 33) . This is supported by recent reports on the improvement thawing was representative of endogenous pro-caspase recruitment and activation. Following the initial eleva-in CP outcome through the modulation of intrinsic mitochondrial-mediated apoptosis through the inhibition of tion in activity, a subsequent delayed peak was detected around 21 h postthaw, which we believe to represent caspase-9 (2,12). Additionally, an increase in caspase-1 inhibitor concentration during cryopreservation provided caspase-dependent apoptotic signal amplification resulting in transcriptional and translation upregulation of the no additional improvement in survival ( Fig. 6 ) and its inclusion did not completely block post-CP apoptosis caspase cascade (17, 19, 31, 33) . Further attempts to modulate the levels of postthaw delayed-onset cell death (Fig. 4) . Along with the remaining apoptosis, postthaw necrotic cell death continued to contribute significantly through the incorporation of an apoptotic caspase inhibitor resulted in a continued reduction in the levels of de-to delayed-onset cell death. Further investigation into the molecular mechanisms of initiation and pathways of layed-onset cell death, and therefore, an increase in postthaw survival over that of all other solutions investigated.
execution of both apoptotic and necrotic cell death resul-
